Hotspot-ridge interaction produces a wide range of phenomena including excess crustal thickness, geochemical anomalies, off-axis volcanic ridges and ridge relocations or jumps. Ridges are recorded to have jumped toward many hotspots including, Iceland, Discovery, Galápagos, Kerguelen and Tristan de Cuhna. The causes of ridge jumps likely involve a number of interacting processes related to hotspots. One such process is reheating of the lithosphere as magma penetrates it to feed near-axis volcanism. We study this effect by using the hybrid, finite-element code, FLAC, to simulate twodimensional (2-D, cross-section) viscous mantle flow, elasto-plastic deformation of the lithosphere and heat transport in a ridge setting near an off-axis hotspot. Heating due to magma transport through the lithosphere is implemented within a hotspot region of fixed width. To determine the conditions necessary to initiate a ridge jump, we vary four parameters: hotspot magmatic heating rate, spreading rate, seafloor age at the location of the hotspot and ridge migration rate. Our results indicate that the hotspot magmatic heating rate required to initiate a ridge jump increases non-linearly with increasing spreading rate and seafloor age. Models predict that magmatic heating, itself, is most likely to cause jumps at slow spreading rates such as at the Mid-Atlantic Ridge on Iceland. In contrast, despite the higher magma flux at the Galápagos hotspot, magmatic heating alone is probably insufficient to induce a ridge jump at the present-day due to the 1 intermediate ridge spreading rate of the Galápagos Spreading Center. The time required to achieve a ridge jump, for fixed or migrating ridges, is found to be on the order of 10 5 -10 6 years. Simulations that incorporate ridge migration predict that after a ridge jump occurs the hotspot and ridge migrate together for time periods that increase with magma flux. Model results also suggest a mechanism for ridge reorganizations not related to hotspots such as ridge jumps in back-arc settings and ridge segment propagation along the Mid-Atlantic Ridge.
INTRODUCTION
The evolution and geometry of mid-ocean ridges influences the thickness [1] , shape and movement [2] [3] [4] of the tectonic plates. Repeated changes in the location of ridge axes, such as those caused by hotspot influenced asymmetric spreading [5] , ridge segment propagations [6] or discrete ridge jumps, can significantly alter the global pattern of plate tectonics through time.
Many places along the mid-ocean ridge network have experienced ridge jump behavior including localities near Ascension, Conrad Rise, Discovery, Galápagos, Iceland, Ninety-East Ridge, Louisville, Shatsky Rise, Shona and Tristan de Cuhna [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Although the above jumps all cause a discrete change in the location of the ridge, the distance over which a jump occurs and the type of ridge boundary varies. Shatsky Rise, which is associated with large outputs of magma, is the location of a series of triple junction jumps that repeatedly displaced the triple junction by up to 800 km [7] . In contrast, relocations of ridge axes over much smaller distances (10-100km) occurred near Ascension, Galápagos and Iceland ( Figure 1 ). Intermediate between the very large jumps at Shatsky Rise and the smaller jumps at Ascension, Galápagos and Iceland, were a series of at least 4 ridge jumps near the Ninety-East Ridge, transferring portions of the Antarctic plate to the Indian plate. At each of the above locations, hotspot-ridge interaction is likely to be the dominant cause of ridge jump initiation.
Assuming hotspots overlie sources of anomalously hot asthenosphere, there are several mechanisms that can promote ridge jumps including lithospheric tension induced by buoyant and convecting asthenosphere [17] , mechanical and thermal thinning of the lithosphere due to hot flowing asthenosphere [18] , and penetration of magma through the plate [19] . This study focuses on the last process by quantifying the effects of lithospheric heating caused by hotspot magmatism. We examine how seafloor age at the hotspot, spreading rate, magmatic heating rate (magma flux) and ridge migration influence the timescale and viability of ridge-jumps. Results indicate that magmatic heating, alone, can cause ridge jumps for geologically reasonable magma fluxes only in young, slow-moving lithosphere. Further we show that magmatic heating can also promote jumps in back-arc spreading systems such as the Marianas as well as propagation of ridge segments at slow-spreading ridges such as the Mid-Atlantic Ridge.
CONCEPTUAL AND MATHEMATICAL MODEL

Conceptual Model
Figure 2 illustrates our conceptual model for a ridge jump induced by magmatic heating from an off-axis hotspot. Magma is produced by the hotspot beneath the plate and then penetrates the lithospheric thermal boundary layer to create hotspot volcanoes.
During volcanism, some of the heat carried by the magma is transferred to the lithosphere, weakening it over time. Heating of the lithosphere is controlled by the balance between the heat flux from the magma, advection due to plate spreading and surface heat flow. If the magmatic heating rate is sufficient, the lithosphere will thin until new rifting begins over the hotspot. The weaker, new rift then becomes an established ridge axis and spreading at the former axis ceases.
Mathematical and Numerical Model
Using the FLAC (Fast Lagrangian Analysis of Continua) method [20, 21] , we solve the equations describing conservation of mass and momentum for a visco-elasticplastic continuum in 2-D Cartesian geometry [22] . The model domain is 150 km laterally by 50 km vertically and is made up of a grid of 300 by 100 Lagrangian (i.e. the grid deforms with the model) quadrilaterals each composed of two pairs of triangular elements. Since deformation of the grid degrades numerical accuracy, model quantities are linearly interpolated to a new grid when the minimum angle of any triangle is less than a given value (10°). The ductile asthenosphere is approximated as a visco-elastic material with a non-Newtonian, temperature-dependent viscosity, and the strong, brittle portion of the lithosphere is treated as an elastic-perfectly-plastic material subject to a Mohr-Coulomb failure criteria. Faulting in the model develops through localization of strain by a reduction in cohesion from 44 MPa to 4 MPa over a plastic strain of 0.25 (i.e. over ~500m of fault offset). Rheologically, the model consists of a 6-km-thick crust of dry diabase [23] and a dunite mantle [24] . The mechanical boundary conditions include a horizontal, uniform velocity equal to the half spreading rate, U, on the two vertical sides of the box, a stress free top surface, and zero shear and hydrostatic pressure on the base.
Temperature, T, is calculated using the following advection-diffusion equation,
where κ is the thermal diffusivity (3x10 -6 m 2 s -1 ), t is time, ū is the velocity vector, ρ is the density (2900 kg m -3 for the crust and 3300 kg m -3 for the mantle) and c p is the specific heat (1000 J C -1 kg -1 ) [25] . See Table 1 for definitions of all variables. The thermal boundary conditions consist of an isothermal top, set to 0°C, and a bottom boundary equal to the temperature of a half-space cooling model at 50 km depth with thermally reflecting side boundaries. The initial temperature field is described by an analytical solution for half-space cooling [e.g. 1] with an asthenospheric temperature of 1300°C (appropriate for shallow upper mantle that has had latent heat of melting removed from it [e.g. 26]). Numerically, heat advects with the grid and thermal diffusion is calculated using explicit finite differences.
Magmatic heating is incorporated at the ridge as well as at the off-axis hotspot. This is done in the "source" term of Eq. (1), which is defined as q ridge in a specified zone at the ridge axis and q hotspot within an off-axis hotspot zone, both of fixed width, w.
Outside of the ridge axis and hotspot zones, q ridge and q hotspot are equal to 0. Within the hotspot zone, q hotspot is defined by,
where T asth is the temperature of both the asthenosphere and the penetrating magma (1300ºC), β is the magnitude of the hotspot heating rate and x and z are the horizontal and vertical coordinates. The constant, β, controls the magnitude of q hotspot and is set manually. The function F(x) is a Gaussian function that describes the dependence of
where σ is the standard deviation of the Gaussian distribution (
is the difference between x and the center of the hotspot and H is the Heaviside function which is equal to 0 outside of the hotspot heating zone and 1 within this zone. For most cases, we assume a reference width of the hotspot heating zone of w = 2 km, which is similar to the width of the region of long period earthquakes (often associated with magma movement) between 12-24 km depth beneath Kilauea [27] . We discuss the effects of varying w in Section 3.3.
We also consider magmatic heating due to the accretion of magma to form the oceanic crust. The accretion zone, w, is set to be 2 km wide and 6 km in height with q ridge defined by,
where R(t) is the ridge divergence rate (R = 2U at t = 0) and F(x) is defined by Equation (3) except that here Δx is the difference between x and the location of the ridge axis.
Below, we examine model solutions both with and without q ridge .
Because little is known about the mechanisms of magma transport through the lithosphere, the above equations for magmatic heating are designed to be as general as possible and to not require defining a specific transport mechanism. Eq (2), for example, is the solution for heating of material between two vertical channels of magma of constant temperature. The form of the equation should be reasonable for a wide range of channel geometries and spacing, with the requirement that magma temperature remains close to its starting value (T asth ), a condition that would hold so long as liquid magma survives to the surface without completely freezing. For reference, the above conditions, as well as the range of heat fluxes simulated by our models, would be met with a scenario involving vertical magma channels having flow rates described by Poiseuille flow, widths starting at 0.2-1.25 m but decreasing due to partial freezing, each lasting for 0.25-1.5
days, and re-forming in the hotspot magma zone every 40-150 years.
The geologic implications for the dependence on the temperature contrast between the magma and host rock are that the majority of heat transfer occurs in the cool thermal boundary layer, regardless of its thickness. At both normal and hotspot affected mid-ocean ridges, most of the magmatic heat transfer occurs near to or within the crust [28, 29] . Away from the ridge axis, our model predicts a thicker thermal boundary layer and thus a larger depth range of magmatic heating. Currently, the depth range of off-axis crystallization and the related thermal structure are poorly known.
Finally, while hydrothermal circulation is thought to be important at shallow depths [30] , we do not explicitly include this effect. The scaling laws that we establish (Section 3.3), however, depend on the difference in the integrated heating rates between the off-and on-axis heating zones. Thus our overall results are robust to the extent that hydrothermal circulation is not extremely different between the ridge and hotspot. If hydrothermal cooling contributes a larger fraction of the heat budget of the thin thermal boundary layer at mid-ocean ridges, our predictions will tend to under-estimate the importance of off-axis magmatic heating in promoting ridge jumps.
Geologic parameters
We consider three types of simulations. (Figure 3c ). In the following section we first quantify the hotspot magmatic heating fluxes needed to generate ridge jumps and then apply our results to hotspot-ridge environments where magma fluxes have been estimated as well as to the Mariana back-arc and non-hotspot influenced areas of the Mid-Atlantic Ridge.
RESULTS
Time Evolution: Fixed Hotspot Magma Penetration Zone (Type 1 and 2)
For Types 1 and 2, the ridge system is first allowed to equilibrate to steady state without a hotspot (q hotspot = 0). Then, at time t = 0 a hotspot is initiated and q hotspot is imposed as in Eq. 2. Immediately after t = 0, spreading is fully accommodated at the ridge axis and hotspot magmatism begins to thin and warm the off-axis lithosphere In models that generate a ridge jump, after a period of magmatism (0.05-3.0 Myr) a relatively short period (~0.2-0.8 Myr) of coeval rifting occurs during the shift of spreading from the old axis to the new rift. During this period, the divergence rates at the two rifts change rapidly, but the lithosphere between them experiences small lateral velocity gradients, acting as a "microplate". Throughout this "microplate" stage, the divergence rate decreases sharply at the original spreading axis. This causes cooling and strengthening of the lithosphere at the original axis and faster spreading at the new rift.
Finally, as the divergence at the original ridge axis ceases, the off-axis location establishes stable seafloor spreading.
Controlling Parameters
To understand the mechanisms that control the initiation of ridge jumps, we introduce scaling relations involving three basic parameters: the rate of magmatic heating at the hotspot, the rate of magmatic heating at the ridge axis, and the heating rate required to thin the lithosphere. The total magmatic heating rate at the hotspot at the onset of hotspot magmatism (t=0) is,
The total heating rate at the ridge axis, also at t=0, is, ,
where z crust is the depth of the crust (6 km). We re-emphasize that because the actual heating rates (Eqs. 3, 4) are time-dependent, the above parameters are defined based on the temperature structure at t = 0.
The third heating parameter, Q thin , is a measure of the heating rate required to thermally dissolve the off-axis lithosphere so that it is as weak as the ridge-axis lithosphere. We define D to be the lateral distance over which the lithosphere is thinned by the hotspot ( Figure 5 ). To quantify the required heating rate, we examine the balance of heat advected into and out of this zone. The heat being advected into the hotspot magma zone ( Figure 5 ) is measured by the influx of the unperturbed thermal boundary layer (T(z) at the hotspot center when t=0) ,
where z max is the maximum thickness of the lithospheric thermal boundary layer as defined arbitrarily by the 1170°C isotherm at the center of the hotspot. The outgoing heat flux (again at the hotspot center) transported by the "dissolved" lithosphere will be, . 
Scaling: Fixed Hotspot Magma Penetration Zone (Type 1 and 2)
Ridge jumps in Type 1 (no ridge heating) cases are promoted by greater magmatic heating (measured by Q hotspot ) and are inhibited by thicker (older) or faster moving lithosphere (measured by Q thin ). Indeed, we find that, for a given value of Q thin , there is a minimum value of Q hotspot required to initiate a ridge jump and that this minimum value increases with Q thin ( Figure 6A ). Similar behavior is seen with cases of Type 2, but the on-axis heating requires that the minimum value of Q hotspot for a ridge jump be greater.
Examining Type 1 and 2 cases together ( Figure 6A ), we find that the key parameter determining ridge jump formation is how much Q hotspot exceeds the on-axis magmatic heating rate (i.e., Q hotspot -Q ridge ). Specifically, a ridge jump will occur for sufficient values of Q hotspot -Q ridge to weaken the plate such that the lithosphere off-axis becomes as weak as or weaker than the lithosphere at the original ridge-axis. Model results indicate that this occurs approximately when ( Figure 6A )
or when the ratio,
where M (=3.4x10 -3 ) and a (=2.68) are empirically fit constants.
The time from the initiation of the hotspot to the formation of a ridge jump (t jump )
is shown in Figure 6B . 
Lastly, the width w of the off-axis heating zone also affects the time and the minimum integrated heating rate, Q hotspot , required to initiate a ridge jump ( Figure 7 
Time Evolution: Migrating Magma Intrusion Zone (Type 3)
For Type 3 cases we initiate a hotspot at a distance 40 km to the right of the ridge axis at t=0. The hotspot migrates to the left (or the ridge migrates to the right in the hotspot reference frame) at a specified rate, U mig . As the hotspot migrates toward the ridge axis, the lithosphere thins asymmetrically over a broad area (Figure 4) . Eventually, if the hotspot heating rate is sufficient, rifting begins at the hotspot. Similar to Type 1 and 2 cases, incipient rifting causes hot mantle to rise and further weaken the new rift which is followed by further rifting, and soon thereafter a ridge jump. The new ridge axis then migrates along with the hotspot. For cases in which the hotspot migration rate, U mig , equals or exceeds U, models predict the hotspot and ridge to eventually separate. The hotspot then proceeds to move away from the ridge axis. For cases in which the hotspot heating rate is too small, the ridge never jumps and the hotspot migrates across the model with little effect on the lithosphere. When the hotspot migrates toward the ridge, the axis jumps to the hotspot at a location (grey circles Fig. 8a ) that depends upon Q ratio and the migration rate of the hotspot. Faster migration rates initiate ridge jumps closer to the ridge axis than do slower migration rates (i.e. a faster migration rate moves the hotspot closer to the ridge in the time required to sufficiently thin the lithosphere). Like the non-migrating cases (Type 1,
2), jumps only occur when the Q ratio is near to or greater than 1. The lowest value of β only achieves a Q ratio > 1 very close to the ridge axis and therefore a ridge jump does not occur before the hotspot migrates to the original ridge location in our numerical simulations.
After a ridge jump has occurred, the ridge and hotspot are predicted to migrate together for a distance that also depends on Q ratio and U mig (Figure 8b ). Here Q ratio is the same function of Q hotspot and Q thin based on the t=0 temperature profiles, but is plotted as a function of distance from the new ridge axis right after it jumped. The location of separation occurs closer to the ridge axis with increasing U mig . For cases in which the Q ratio remains > 1 or U mig < U, the ridge remains captured and continues to migrate with the hotspot over the distance spanned by the numerical box.
DISCUSSION: Importance of hotspot magmatic heating to natural systems
To Jump or Not to Jump: Iceland versus the Galápagos
There are many near-ridge hotspots around the globe, but only some display recent ridge jumps. We focus on two example systems for which the tectonic evolution is well understood and for which hotspot magma fluxes can be estimated: Iceland-MAR where ridge jumps have recently occurred and Galápagos where ridge relocations have recently ceased.
The Galápagos spreading center (GSC) has moved north relative to the hotspot for tens of Myr [14, 31] . Between ~5-10 Ma, the GSC and Galápagos were located very close to each other and the ridge experienced several distinct jumps. Between ~2.5-5 Ma, the GSC was "captured" by the hotspot and remained close to it, but did not display discrete jump activity at the resolution of the available geophysical data. Since ~2.5 Ma, the GSC has remained separate from the Galápagos hotspot and has not appeared to have [35] . Geological estimates, however, place the former ridge axis tens of kilometers to the west on the Skagi peninsula suggesting a jump into 4 Myr old seafloor [8] . We thus bracket the seafloor age to which jumps occur between 1-4 Myrs. After initiation of the ridge jump, coeval rifting of the NVZ and the former ridge axis ensued for approximately 3.5 Myr with the old rift dying at ~3 Ma [8] .
Using the relationship between Q hotspot -Q ridge and Q thin ( Figure 6A ), we can now assess whether thermal weakening alone is likely to have initiated the ridge jumps at the Iceland and Galápagos hotspots. Q thin can be estimated for a given location based upon the age of the overlying lithosphere and a basic square-root-of-age cooling profile. To calculate Q hotspot , the heat transferred to the lithosphere is assumed to be equal to the magma flux times the latent heat of fusion of the magma for latent heat values between 400 and 600 kJ/kg. This assumption will tend to maximize the effects of magmatic heating at both the ridge and hotspot, so the effect of this assumption on Q hotspot -Q ridge is not clear at this point. The magma flux used is based upon crustal thicknesses derived from geophysical data. Q ridge is calculated in a similar manner as Q hotspot , but with a magma flux based on the spreading rate of the given ridge and a crustal output at that ridge.
For Iceland, Q thin is calculated for 1-4 Myr old lithosphere (Eq. 7). Q ridge , is calculated assuming a 20-km-thick crust (crustal thickness estimate for western Iceland For the Galápagos, Q ridge is estimated from the maximum crustal thickness of 9km at the ridge axis just north of the hotspot [37] and a full spreading rate of 60 km/Myr. We estimate Q hotspot based on the average magmatic flux estimated for the islands of 1.3x10 5 km 3 /Myr (per km parallel to the ridge) [38] . Q thin is calculated based on 8 to 8.5 Myr-old lithosphere at the current presumed location of the hotspot (Fernandina Island). Figure 9 shows the estimated values of Q hotspot -Q ridge for Iceland and the Galápagos versus our estimates of Q thin at these hotspots. Figure 10 illustrates the model estimates of the required excess heat and magma fluxes for the appropriate spreading rates and seafloor ages. Comparisons to our model results suggest that lithospheric heating due to magma penetration alone is insufficient to cause the Galápagos Spreading
Center to jump to the current hotspot location. Taking the estimated Q hotspot -Q ridge for the Galápagos and assuming constant spreading rate through time, the maximum age of lithosphere for which the Galápagos can initiate a ridge jump is ~1 Ma. These results are consistent with the lack of a Galápagos ridge jump over the past few million years as the ridge migrated away from the hotspot [31] .
Our estimates for Iceland, however, show a different picture. In this case, for jumps to seafloor up to 1.5 Myr old, the upper range of magma flux of the Iceland hotspot (in excess of the hotspot-influenced ridge axis) exceeds that predicted by our scaling law to cause a ridge jump. While the study of dike ages suggests that the Icelandic ridge jumps occurred to crust as young as 1 Myr old, the relation of the dated dikes to the former ridge axis is unclear due to a lack of trace-element data. It is thus likely that the ridge jumped to older crust. A jump to crust of 4 Myr, based on the geologic evidence [8] , would likely require other mechanisms in addition to magmatic heating to initiate rifting. Although seafloor age is a significant factor, the most important difference between the Galápagos and Iceland localities is the spreading rate.
Despite the lower igneous magma flux associated with the Icelandic hotspot, the slow moving lithosphere allows greater time to heat a given piece of lithosphere ( Figure 10 ). This is the main reason that magmatic heating is predicted to be more important at Iceland than at Galápagos.
Another model prediction to compare with observations is the duration of coeval rifting while the ridge jump is in progress. Models predict a duration of coeval rifting of 0.2-0.8 Myr that is an order of magnitude shorter than the ~3.5 Myr duration estimated during the last ridge jump on Iceland [8] . This discrepancy further suggests either that magmatic heating changed in time differently than simulated in our models, or that different processes are also important to the evolution of Icelandic ridge jumps.
Hotspot-Ridge Migration
Results from Type 3 (migrating hotspot) cases show that during the time in which the ridge is "captured" by the hotspot, the hotspot and ridge-axis migrate together, but do not exhibit discrete jumps. After the separation of the ridge and hotspot, no further ridge jump behavior occurs due to the low value of the Q ratio . On Earth there is evidence for ridge "capture" via steady ridge migration as well as discrete ridge jumps. The large distances involved in jumps at the Ninety-East Ridge and Shatsky Rise evident in magnetic anomalies [7, 11, 16] , as well as the age dating of dikes on Iceland [35] suggest that ridge jumps at these locations are discrete events. Alternatively, after the last jump of the Galápagos Spreading Center (~5 Ma), asymmetric spreading kept the ridge close to the hotspot for ~2.5 Myr probably without discrete jumps [31] .
The failure of our models to predict discrete jumps as the ridge moves away from the hotspot center, suggests that processes other than those considered here are at work.
For example, upwelling, warm mantle plumes thermally and mechanically thin the lithosphere and can influence melt migration through changes to the slope of the lithosphere [39] [40] [41] [42] . The amount of lithospheric thinning depends on the ratio of the thinning rate to the hotspot migration rate [18] . In the case of a migrating, ridge-centered plume, the thin lithosphere at the ridge axis could focus melt to the ridge [41] while the plume moves off-axis. This could keep melt focused to the ridge axis until the plume migrates a sufficient distance such that plume-generated magma cannot make it back to the ridge. This behavior would result in a gap in hotspot volcanism after a ridge jump, which could be tested with further field observations. A similar change in the pattern of volcanism due to the slope of the lithosphere is proposed by Sleep [43] for plumes approaching ridges. Another process that may influence the formation of repeated ridge jumps is variations in magma flux. Iceland, for example, may experience pulses of magmatism indicated by anomalous V-shaped ridges along the Mid-Atlantic Ridge [44] [45] [46] . Variations in magma flux could change Q ratio below and above the critical value to cause discrete jumps. Also, fracturing of the lithosphere due to propagating dikes will mechanically weaken the plate and could affect the initiation of ridge jumps.
Relocation of the Mariana Back-arc Spreading Center
Although we have focused on jumps of mid-ocean ridges to the location of nearby hotspots, the Mariana back-arc also experienced a jump in the location of seafloor spreading. Subduction of the Pacific plate beneath the Philippine Sea plate initiated at ~50 Ma with arc volcanoes first forming at ~40 Ma [47] [48] [49] . After ~10 Myr of volcanism, an initial rift of the volcanic arc and formation of seafloor spreading occurred at ~30Ma [47] . A reorganization of plate spreading in SE Asia approximately 15Ma [50] , caused the cessation of seafloor spreading [51] . Continued volcanism at the arc, which remained near the subduction front, led to the creation of a rheological weak zone [52] and initiation of a new seafloor spreading center at ~7Ma [53] .
A ridge jump due to magmatic heating of near-ridge lithosphere associated with arc volcanism is consistent with the conditions of our model. The cessation of spreading at ~15Ma, suggests that Q ridge decreased to 0, promoting the initiation of a new spreading ridge at the arc due to the corresponding increase in Q hotspot -Q ridge (i.e. Q ratio ). The increased value of Q hotspot -Q ridge , compounded by the cooling of the old ridge, may have decreased the necessary magma flux at the back arc required to relocate rifting ( Figure   10 ). Thus, a smaller back-arc magma flux than required during active seafloor spreading may initiate a new rift due to magmatism. In fact, magmatic heating may have promoted the initial arc rifting itself. There is evidence that relocation of back-arc spreading may also be associated with arc magmatism at other subduction zones, such as in the Mediterranean [54] .
Ridge Propagation on the Mid-Atlantic Ridge
In the past 10 Myr, small-scale relocations of the Mid-Atlantic Ridge (MAR) have occurred through propagation of axis segments [6, 55, 56] . Many of the relocations are not considered to be affected by hotspot volcanism, but Sempéré et al. [6] find that, between 29°N and 31°30´N, the segments with the largest propagation rates are associated with the largest volume of crust (~9 km of crust at the segment center versus ~7 km for the weaker segments). Ridge propagation has been widely understood in terms of fracture mechanics. The above correlation is consistent with the notion that thicker crust at segment centers elevates the pressure in the axial lithosphere and thus enhances the "driving pressure" (difference between pressure on a crack surface and in the far-field pressure) for ridge propagation [57] . We propose that enhanced magmatism could further increase the driving pressure of propagating ridge segments by reducing the tensile strength of the axial lithosphere.
Assuming that magmatic weakening of the plate is important to propagation of the above segments, we can use our scaling relationships to estimate the excess magma flux required to promote rift propagation of one segment over another segment ( Figure 10 ).
To initiate rifting Q ratio must be greater than 1 and thus the required excess heating rate (Q hotspot -Q ridge ) is equal to MQ thin a . We convert this excess heat estimate to a predicted excess magma flux using a latent heat of 500 kJ/kg (see section 4.1). Our results predict that to initiate propagation the segment must have an excess magma flux between ~4x10 29°N and 31°30´N [6, 56] . The obvious shortcoming of this study is the 2D geometry; 3D models are clearly necessary to more completely test the effects of magmatism on ridge propagation.
CONCLUSIONS
We have used 2D thermo-mechanical models to explore one of several possible factors that can promote jumps of mid-ocean ridge segments: heating of the lithosphere due to hotspot magmatism. We have quantified the effects of plate age, spreading rate, ridge migration rate, and the excess magmatic heating rate. Three fundamental parameters effectively describe the behavior of our model: 1) Q hotspot , the initial integrated heating rate within the specified width of the heating zone; 2) Q ridge , the initial integrated heating rate at the ridge axis; and 3) Q thin , the instantaneous heating rate required to initiate a ridge jump. The key time scale is t cross , which is the time needed to advect a piece of the lithosphere moving at the spreading rate through the zone of lithospheric thinning.
To initiate a ridge jump the function Q ratio = (Q hotspot -Q ridge )/MQ thin a with a = 2.68
and M = 3.4x10 -3 must exceed 1. For cases in which Q ratio > 1, the time required to initiate a ridge jump is on the order of 0.25-4 Myr. When scaled by t cross , the dimensionless time to a jump (t jump /t cross ) decreases nonlinearly with increasing Q ratio .
Increasing the excess hotspot heating rate (Q hotspot -Q ridge ) increases Q ratio and decreases the time to a jump; increasing the spreading rate decreases Q ratio and thus increases the time to a jump. Additionally, the time required to initiate a ridge jump increases (or decreases) for a hotspot located on older (or younger) seafloor.
Hotspot migration toward a ridge axis is also found to produce ridge jumps for values of Q ratio > 1. Once Q ratio exceeds 1, the age of lithosphere to which a jump occurs depends on the hotspot migration rate relative to the ridge, with faster migration rates jumping to younger seafloor. After a ridge jump, the ridge and hotspot are predicted to migrate together until the Q ratio (as defined relative to the initial jump location) falls below 1. At this point, the ridge and hotspot separate and no further ridge jumps are predicted. The location where the hotspot separates from the ridge axis also depends on the migration velocity, with faster migration rates separating earlier. We conclude that for ridges migrating away from a hotspot, steady hotspot magmatic heating alone will "capture" the ridge axis, but is unlikely to initiate repeated discrete ridge jumps. Other processes not considered here may be important to forming repeated discrete ridge jumps.
Application of our results to Iceland reveals that magmatic heating alone is capable of producing ridge jumps of the slow-spreading Mid-Atlantic Ridge in lithosphere younger than ~1.5 Ma for high-end magma flux estimates. In contrast, hotspots on older seafloor, or at faster spreading rates, including those with larger magma fluxes-like the Galápagos-are unlikely to initiate a ridge jump. This prediction is consistent with the lack of observed ridge jumps at the Galápagos over the last ~5 Myr.
Model results also provide a plausible mechanism for ridge jump formation in nonhotspot affected regions such as back-arc settings like the Marianas and ridge propagations along the Mid-Atlantic Ridge.
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